Nuclear pore complexes (NPCs) are $100 MDa transport channels assembled from multiple copies of $30 nucleoporins (Nups). One-third of these Nups contain phenylalanine-glycine (FG)-rich repeats, forming a diffusion barrier, which is selectively permeable for nuclear transport receptors that interact with these repeats. Here, we identify an additional function of FG repeats in the structure and biogenesis of the yeast NPC. We demonstrate that GLFG-containing FG repeats directly bind to multiple scaffold Nups in vitro and act as NPC-targeting determinants in vivo. Furthermore, we show that the GLFG repeats of Nup116 function in a redundant manner with Nup188, a nonessential scaffold Nup, to stabilize critical interactions within the NPC scaffold needed for late steps of NPC assembly. Our results reveal a previously unanticipated structural role for natively unfolded GLFG repeats as Velcro to link NPC subcomplexes and thus add a new layer of connections to current models of the NPC architecture.
INTRODUCTION
The nuclear pore complex (NPC) is a multiprotein channel located in a fusion pore between the outer and inner membranes (ONM and INM) of the nuclear envelope (NE). It serves as a conduit for nucleocytoplasmic transport and is involved in the regulation of gene expression, cell cycle, and other cellular processes (Ibarra and Hetzer, 2015) . The NPC has a cylindrical shape with a $100 nm outer and a $40 nm inner diameter (Eibauer et al., 2015; von Appen et al., 2015) . Whereas each NPC consists of $500 proteins, called nucleoporins (Nups), there are only $30 different Nups (Rout et al., 2000) , which are present in multiples of eight copies per NPC (Alber et al., 2007; Ori et al., 2013) and are largely conserved across the whole eukaryotic tree (Cronshaw et al., 2002; Mans et al., 2004; Rout et al., 2000) .
The majority of Nups are arranged into subcomplexes, giving rise to the NPC's overall layered architecture (Alber et al., 2007; Onischenko and Weis, 2011; Strambio-De-Castillia et al., 2010) (Figure 1A ). High-resolution structures of multiple individual Nups and Nup subcomplexes have been solved by X-ray crystallography (Brohawn et al., 2008; Brohawn and Schwartz, 2009; Chug et al., 2015; Hurt and Beck, 2015; Kelley et al., 2015; Lin et al., 2016; Schwartz, 2016; Stuwe et al., 2015a; Stuwe et al., 2015b) . In addition, the NPC structure has been studied by cryo-electron tomography and biochemical methods, revealing the putative organization of scaffold Nups within the NPC (Alber et al., 2007; Eibauer et al., 2015; Fernandez-Martinez et al., 2016; Kosinski et al., 2016; Lin et al., 2016; von Appen et al., 2015) . However, many questions remain about the mechanism organizing multiple Nup subcomplexes and ensuring their assembly into a functional NPC.
A key function of NPCs is to mediate the selective transport of macromolecules across the NE. This selectivity is conferred by phenylalanine-glycine (FG)-repeat-containing segments present in $1/3 of all Nups ( Figure 1A ) (Rout et al., 2000) , which form a diffusion barrier that blocks free nucleocytoplasmic exchange of particles larger than $5 nm (Mohr et al., 2009; Ribbeck and Gö rlich, 2001) . FG repeats are natively unfolded (Denning et al., 2003) , with varying degrees of conformational flexibility (Milles et al., 2015; Yamada et al., 2010) . Experiments in Xenopus egg extracts and yeast point to a primary role for a subgroup of FG repeats enriched in glycine-leucine-phenylalanine-glycine (GLFG) motifs in establishing the diffusion barrier (Hü lsmann et al., 2012; Timney et al., 2016) . The GLFG-containing repeats display cohesive properties and can form aggregates with NPC-like selectivity in vitro (Schmidt and Gö rlich, 2015) . Although several models for NPC selectivity have been proposed (Lim et al., 2007; Ribbeck and Gö rlich, 2002; Rout et al., 2003) , it is still unclear how FG repeats determine the remarkable permeability properties of the NPC.
Selective transport through the NPC requires soluble nuclear transport receptors (NTRs) that interact with both FG repeats and cargos (Mohr et al., 2009; Ribbeck and Gö rlich, 2001 ).
NTRs interact with FG repeats in a multivalent manner via multiple low-affinity (1-to 10-mM) binding sites scattered on their surface. The combination of these properties is critical for the fast and selective translocation of NTR-cargo complexes through NPCs (Hough et al., 2015; Kapinos et al., 2014; Milles et al., 2015) .
In addition to NTRs, several budding yeast scaffold Nups bind FG repeats in biochemical assays (Allen et al., 2001; Patel et al., 2007; Schrader et al., 2008) . This was also observed for human Nup93 (Xu and Powers, 2013) and for the orthologs of Nup188 and Nup192 from thermophilic fungi . However, the functional significance of these interactions remained unclear Hurt and Beck, 2015; Schmidt and Gö rlich, 2015; Schmidt and Gorlich, 2016) .
In this study, we identify and characterize direct interactions between multiple scaffold Nups and GLFG-type repeats in budding yeast. Our analyses reveal that FG repeats carrying GLFG motifs (GLFG repeats) (E) Yeast proteins bound to Nup100(1-610) and Nup100(1-307) identified by mass spectrometry and ranked by the abundance factor (Abundance): 100 x (number of peptide hits)/(protein length in amino acids).
function in NPC biogenesis. This points toward a paradigm shift whereby natively unfolded FG repeats are not only part of the NPC's selectivity barrier, but also function as Velcro that links structural elements within the NPC. This may mechanistically couple the process of NPC assembly with the establishment of a selective transport gateway.
RESULTS

GLFG Repeats Directly and Specifically Bind to a Set of Scaffold Nups
Yeast NPCs contain 11 FG repeat Nups, 5 of which carry GLFG repeat motifs, hereby referred to as GLFG-repeat Nups. Whereas GLFG-repeat Nups are mainly centrally located within the NPC structure, the rest of FG Nups (non-GLFG Nups) are localized mostly asymmetrically (Alber et al., 2007; Patel et al., 2007) (Figure 1A ).
To better characterize the interactions of FG repeats, we modified a previously described FG-repeat pulldown protocol (Allen et al., 2001 ) by utilizing crude membrane extract as the source of prey proteins, which reduces the amount of NTRs that may mediate indirect FG-repeat interactions. Proteins bound to immobilized FG repeats were eluted using 1 M salt. Elution of the remaining proteins with SDS (SDS post-elution step) was used to confirm the efficiency and specificity of the salt elution ( Figure 1B) . GLFG repeats were represented by Nup100(1-610) and Nup100(1-307), and non-GLFG repeats were represented by Nsp1(1-563) ( Figure 1C ). SDS-PAGE analysis showed that Nup100(1-610) and Nup100(1-307) efficiently bound extract proteins, whereas little binding was seen with Nsp1(1-563) (Figure 1D) . Surprisingly, mass spectrometry analysis of the proteins bound to Nup100(1-610) and Nup100(1-307) revealed, in addition to NTRs, many scaffold Nups belonging to the Nup84 and Nic96 subcomplexes among the top hits ( Figure 1E ).
To test whether the binding of the GLFG repeats to the Nup84 and Nic96 subcomplexes in extracts was due to direct interactions, parts of the Nup84 and Nic96 subcomplexes were purified (Figures S1B-S1D), and their binding to FG repeats was evaluated individually ( Figure S1A ). In addition to Nup100 and Nsp1, the tested baits included a portion of ) ( Figure 4B ) and its mutant form in which the phenylalanines within the GLFG motifs were replaced by alanines complete phenylalanine-to-alanine amino acid substitution [FA] ), preventing interaction with NTRs (Patel et al., 2007) . To control for binding specificity, the preys were pre-mixed with bacterial extract. Salt elution was followed by the elution with SDS to detect salt-resistant interactions ( Figure S1A ). The procedure was further controlled with a known FG-repeat interactor, the NTR Kap95, and the inert proteins 3xGFP and maltose-binding protein (MBP)-GFP-Nup53DC (Figures 2A, 2D , and S2A).
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Nup84 Nup133(521-1157) 1M salt eluate bacterial extract (B) test protein (A) input mix (A+B) We observed direct and specific binding to GLFG repeats for all five members of the Nic96 subcomplex, including Nup157, Nup170, the C-terminal stacked a-helical domain of Nup170 (Nup170[980-1502] ), Nup188, and truncated versions of and Nic96 ), respectively. Consistently, binding was also observed with heterodimeric complexes of Nic96 and Nup188 or Nup192 ( Figures 2B, 2D , and S2B). Direct binding of the Nup84 subcomplex to GLFG repeats was restricted to the Nup84-Nup133(521-1157) portion ( Figures  2C, 2D , and S2C). Thus, direct and specific interactions between GLFG repeats and a large fraction of scaffold Nups can be detected in vitro. To test whether these interactions can also be observed within functional NPCs, we utilized digitonin-permeabilized HeLa cells, which have been widely used to monitor nucleocytoplasmic transport in vitro (Adam et al., 1990) . In this assay, selective NPC translocation occurs when proteins-such as NTRs-bind to FG repeats within the NPC. Yellow fluorescent protein (YFP)-Importin-b and 3xGFP were used as positive and negative controls, respectively ( Figures 3A and 3B ). To mimic transport conditions, experiments were performed with or without cytosol and energy (GTP) and with or without wheat germ agglutinin (WGA), which blocks FG-repeatdependent NPC translocation (Mohr et al., 2009) (Figures 3A and 3B) . Unlike MBP-GFP-Nup53DC, which does not bind FG repeats ( Figure 2D ), all tested GLFG-binding scaffold Nups, including GFP-Nup170, GFP-Nup157, GFP-Nup192 (co-purified with Nic96), , behaved like YFP-Importin-b and displayed efficient nuclear translocation in the absence of cytosol. Nup translocation was inhibited by WGA, whereas addition of cytosol either did not affect Nup translocation or caused varying degrees of inhibition similar to the behavior of YFP-Importin-b ( Figures  3A and 3B ). Furthermore, in permeabilized HeLa cells pretreated with RanGTP to release endogenous NTRs, GFPNups not only translocated into the nucleus, but also decorated NPCs consistent with their FG-repeat interactions. This was inhibited by the addition of Importin-b ( Figures 3C and 3D ).Therefore, GLFG repeat binding scaffold Nups display NTR-like translocation properties and can bind FG repeats within the intact NPC. 
GLFG Repeats within Nup116 Are Essential in the Absence of Scaffold Nucleoporin Nup188
We next sought to understand the physiological relevance of the interactions between GLFG repeats and scaffold Nups. In budding yeast, individual GLFG repeats are not essential for viability (Adams et al., 2015; Strawn et al., 2004) . However, genes that code for physically interacting proteins often interact genetically (Costanzo et al., 2016) . We therefore examined the synthetic effects of various GLFG-repeat deletions in combination with deletions of nonessential GLFG-binding scaffold Nups. Intriguingly, we found that the GLFG repeats of Nup116 are required for viability in the absence of Nup188 ( Figure 4A ), suggesting that this segment within Nup116 has a redundant function with Nup188, an element of the NPC core. Within Nup116, the GLFG repeats are sandwiched between two Nup-interacting domains: the GLE2 binding sequence (GLEBS) domain that binds Gle2 and the middle domain (MD), which binds Nup192 (Bailer et al., 1998; Fischer et al., 2015) (Figure 4B) . To examine whether the GLFG motifs themselves are important for functionality and to exclude that the GLFG domain simply acts as a linker, we constructed variants of Nup116 in which GLFG repeats were substituted with other sequences ( Figure 4B ). Non-GLFG substitutions were represented by Nsp1(1-563), Nup116(348-458)FA, 2x Nup116(348-458)FA, and 4x Nup116(348-458)FA, spanning a size range of $100 to $600 amino acids. GLFG repeats were represented by Nup100(1-610), Nup100(1-573), Nup100(1-307), 2x Nup100(1-307), Nup57(1-257), 2x Nup57(1-239), , 2x , and 4x , covering a similar size range as for the non-GLFG sequences ( Figure 4C ).
We then tested the fitness of strains with the nup116DGLFG mutant background expressing these Nup116 variants when expression of NUP188 was repressed ( Figures 4C and S3B ). To this end, expression of NUP188 was controlled by the methionine-repressible PMET3 promoter (Mao et al., 2002) , allowing us to recapitulate the synthetic growth defect of the nup116DGLFG nup188D mutant in media containing excess methionine ( Figure S3A ). General functionality of the Nup116 variants was confirmed by their ability to rescue the temperaturesensitive phenotype of the nup116D mutant (Doye et al., 1994) ( Figure S3B , right).
GLFG containing repeats of different Nup origins and positions, including Nup100(1-610), Nup100(1-573), Nup100(1-307), 2x Nup100(1-307), 2x Nup57(1-239), and 4x , potently rescued growth upon depletion of Nup188 ( Figures 4C  and S3B) . However, the replacement of phenylanines by alanines within the GLFG motifs (4x FA) rendered the repeats non-functional ( Figures 4C and S3B ). In addition, we observed a length dependence since short GLFG repeats (Nup57[1-257], and 2x ) were unable to rescue growth. The functionality could, however, be regained by increasing the number of repeats (2x Nup57 , 4x ), and likewise, the partial functionality of a Nup100(1-307) GLFG segment could be enhanced by a tandem version (2x Nup100[1-307]) ( Figures 4C and S3B) . Again, this functionality required the GLFG motifs since non-GLFG sequences-even the longest ones-were unable to rescue the growth phenotype ( Figures 4C and S3B) .
We conclude that the functionality of Nup116 GLFG repeats critically depends on GLFG motifs and is determined by generic properties of GLFG repeats rather than by unique sequence features within the Nup116 GLFG-repeat segment. Furthermore, there is a critical length threshold of $300 amino acids.
GLFG Repeats Connect Nup116 to the NPC Scaffold
Our results indicate that in the absence of Nup188, interactions between the GLFG repeats of Nup116 and one or more binding partners are essential for viability. To aid with the identification of such interaction partner(s), we set out to quantitatively analyze the interactions of Nup116 with various GLFG-binding Nups using biolayer interferometry (BLI). We immobilized purified and directionally biotinylated Nup116 and its variant lacking GLFG repeats on streptavidin-coated sensor tips and analyzed the interaction with purified binding partners in solution (Figures 4D and S4A) . The NTR Kap95 displayed efficient binding to fulllength Nup116, but not to a Nup116 variant lacking the GLFG segment, demonstrating that BLI allows for the specific detection of GLFG repeat-mediated interactions (Figures 4D and S4B) . As observed for Kap95, the binding of the scaffold Nups-Nup170, Nup84-Nup133(521-1157) , and Nup188-to Nup116 was strictly dependent on the presence of the Nup116 GLFG-repeat segment ( Figures 4D and S4B ). In contrast, 
(legend continued on next page)
Nup192(2-960) bound both variants of Nup116, consistent with the previously published observation that Nup192 can also interact with the MD of Nup116 (Fischer et al., 2015) ( Figure 4D ). However, the presence of the GLFG repeats enhanced the interaction of Nup192(2-960) with Nup116 and lowered the K D about 15-fold to 500 nM for the dominant of the two binding modes ( Figure S4B ). These results demonstrate that the GLFG repeats strongly contribute to the interaction between Nup116 and multiple individual scaffold Nups in vitro.
To understand whether GLFG repeats also affect the interactions of Nup116 with scaffold Nups in vivo, we analyzed the amount of Nup170 and Nup192 that co-purified with either wild-type Nup116 or Nup116DGLFG in pulldowns in the presence or absence of Nup188. In contrast to cells expressing wild-type Nup116, the depletion of Nup188 in Nup116DGLFG-expressing cells robustly decreased the co-purification efficiency of both Nup170 and Nup192 (Figures 4E, 4F, S4C, and S4D). Together, these results are consistent with a model wherein the GLFG repeats of Nup116 act as Velcro connecting Nup116 with several scaffold Nups. In the absence of Nup188, this function of the GLFG repeats becomes essential for the attachment of Nup116 to NPC core elements, including Nup192 and Nup170 ( Figure 4G ).
This model predicts that without Nup188, NPC anchoring of Nup116 becomes dependent on GLFG-repeat-mediated interactions. In agreement with this, treatment of Nup188-depleted cells with 5% 1,6-hexanediol, which is known to disrupt GLFGrepeat-mediated interactions (Patel et al., 2007) , caused rapid and complete mislocalization of Nup116, but this was not observed for the core Nup, Nup133 ( Figure S4E ).
The GLFG Repeats of Nup116 Function in NPC Biogenesis
To assess the role of the Nup116 GLFG repeats in the structural organization of the NPC in an unbiased and quantitative manner, we implemented an imaging pipeline to automatically quantify the localization of Nups at the NE in various mutants and experimental conditions. We used the ER marker dsRed-HDEL (Bevis et al., 2002) to trace NE contours, which allowed us to precisely quantify the GFP signal intensities at the NE for various GFPtagged Nups in thousands of cells ( Figure S5 ).
Taking advantage of this pipeline, we examined the localization of various Nups upon Nup188 depletion in cells expressing either full-length Nup116 or the Nup116DGLFG variant. Whereas depletion of Nup188 in the presence of full-length Nup116 showed no obvious phenotype, in the case of the nup116DGLFG mutant, this led to a specific Nup localization defect: both the Nup116DGLFG variant itself and its direct interactor, Nup82, a component of the NPC cytoplasmic ring (Fernandez-Martinez et al., 2016; Yoshida et al., 2011) , showed $5-fold and $3-fold decreases in their nuclear rim signal intensities, respectively (Figures 5A , 5B, S6A, and S6D-S6F). Yet, none of the other tested GLFG-repeat Nups (Nup57 and Nup100) or GLFG-interacting scaffold Nups of the symmetrical NPC core (Nup133, Nup170, Nup157, and Nup192) showed such a localization defect . Furthermore, fluorescence recovery after photobleaching (FRAP) experiments in nup116DGLFG cells did not reveal major changes in the NE mobility of the core Nup, Nup133, upon Nup188 suppression ( Figures S6H-S6K ). Thus, depletion of Nup188 in nup116DGLFG cells leads to structural changes in the NPC, resulting specifically in the mislocaliztion of Nup116DGLFG itself and the cytoplasmic Nup, Nup82.
The effects on the localization of Nup116 and Nup82 depended on the GLFG-repeat segment in Nup116 since both Nup116 localization and cell growth could be rescued by substitution of the GLFG repeats with the GLFG repeats from Nup100 (GLFG->Nup100[1-610]-yEGFP), but not by yEGFP (Figures S6B and S6C) . Furthermore, the ability of ectopically expressed Nup116 GLFG-repeat substitutions to restore growth in nup116DGLFG cells perfectly correlated with their ability to restore Nup82 localization upon Nup188 suppression (Figures 4C and S6G) . Therefore, the GLFG repeats within Nup116 are needed for the correct structural organization of the NPC and act redundantly with Nup188 to confer NPC incorporation of Nup116 and its interacting partner, the cytoplasmic ring Nup, Nup82 ( Figure 5C ).
The selective localization defect of Nup82 and Nup116 in the absence of the GLFG repeats of Nup116 could be caused either by the formation of NPCs that selectively lack components of the cytoplasmic ring or by an NPC biogenesis defect that prevents assembly of complete pores. To differentiate between these two possibilities, we complemented our fluorescence microscopy analysis with freeze-fracture and transmission EM. As expected, expression of full-length Nup116 did not lead to changes in pore density upon depletion of Nup188. Likewise, Nup116DGLFG-expressing cells displayed only a minor decrease in NPC density in the presence of Nup188 ( Figures  5D and 5E ). However, upon Nup188 depletion, nup116DGLFG cells almost entirely lacked detectable pore structures in the NE (Figures 5D and 5E) . Consistently, few normal pores could also be found by transmission EM. Instead, we frequently detected herniations of the inner nuclear membrane ( Figure 5F ), a phenotype often accompanying NPC biogenesis defects. Therefore, the Nup116 GLFG repeats are critical for NPC biogenesis, and their absence leads to the inability of the NPC to fully insert into the NE and incorporate elements of the cytoplasmic ring.
Taken together, these results suggest that Nup188 and Nup116, via its GLFG repeats, function redundantly to connect cytoplasmic and symmetrical core components of the NPC and that this link is essential for the completion of NPC assembly ( Figure 5G ).
GLFG Repeats Confer Efficient NPC Targeting
To examine whether GLFG repeats also impact the organization of intact NPCs, we compared the localization of wild-type Nup116 and its DGLFG variants tagged with GFP in cells with an otherwise wild-type background. Removal of the GLFG repeats led to a significant reduction of NE signal of Nup116 (Figures 6A and 6B) . The effect was also observed when other known Nup116 NPC-binding domains, namely the C-terminal domain (CTD) or the MD, were deleted ( Figures 6C-6E ). This demonstrates that the GLFG-repeat segment has an additive effect on the Nup116 NE localization functioning together with both the MD and CTD. Consistently, fluorescence loss in photobleaching (FLIP) experiments revealed that the GLFG repeats enhanced the stability of the Nup116DCTD variant at the NPC ( Figure 6F ). Therefore, in otherwise wild-type NPCs, the GLFGrepeat segment is necessary for stable targeting of Nup116 to the NPC. To understand whether the functions of the Nup116 GLFG repeats in NPC targeting ( Figures 6A-6E ) and NPC biogenesis (Figures 4C and S6G) are conferred by the same sequence properties, we employed GFP-tagged Nup116DCTD as reporter and replaced the GLFG segment with the same sequences that we had utilized for assaying viability and NPC biogenesis in the absence of Nup188. We found an excellent correlation between the ability of individual substitutions to support NPC targeting (Figures 6G and 6H) and their function in NPC biogenesis (Figures 4C and S6G) : efficient NE localization strictly depended on the presence of GLFG motifs and improved when the length of the repeats was increased ( Figures 6G and 6H ).
This striking correlation suggests that the Nup116 GLFG repeats could ensure that functionally intact NPC structures only assemble when they contain GLFG repeats. To test this, we performed an in vivo competition assay and compared the NE localization of GFP-labeled wild-type and the DGLFG variants of Nup116 in diploid cells either in the presence or absence of a wild-type NUP116 allele. Hence, in the same cell, two variants of the protein (labeled and unlabeled) either do or do not compete for NPC incorporation. Whereas the full-length protein was only mildly affected, the NE localization of the DGLFG variant was significantly suppressed by the competition with an unlabeled wild-type copy ( Figures 6I and 6J ). This competition also suppressed a decreased fitness of cells carrying the DGLFG variant ( Figure 6K ). Therefore, the presence of GLFGs repeats confers more efficient NPC incorporation of Nup116.
Finally, we asked whether the NPC targeting property of GLFG repeats is unique to Nup116 or can also be observed in other GLFG-containing proteins. For this, we took advantage of Nup100, the Nup116 paralog with a similar but distinct domain composition and NPC interactions (Alber et al., 2007; Lin et al., 2016 ) ( Figure S7A ). As for Nup116, the GLFG-repeat segment of Nup100 also contributed additively and functioned together with the CTD and MD in NPC targeting ( Figures S7B and S7C) . Moreover, NPC localization could be detected for the Nup100 GLFG repeats alone ( Figures S7B and S7C) , further supporting the function of GLFG repeats as an NPC-targeting determinant. Again as for Nup116, the GLFG repeats in Nup100 also conferred more stable NPC localization and a preferential NPC incorporation in a competition assay (Figures S7D-S7F ). Therefore, the NPC targeting function of GLFG repeats is not restricted to Nup116 and may be general, as it can also be seen with the GLFG repeats of Nup100.
DISCUSSION
FG-repeat sequences are present within $1/3 of all nuclear pore proteins, and their interactions with NTRs are critical in establishing the NPC's selective diffusion barrier and for nucleocytoplasmic transport (Mohr et al., 2009; Ribbeck and Gö rlich, 2001 ). Here, we identify an additional role of FG repeats as structural components of the NPC that specifically and directly interact with the scaffold of the NPC and function during NPC assembly.
Whereas the interactions between certain Nup and FG repeats had previously been reported (Allen et al., 2001; Andersen et al., 2013b; Patel et al., 2007; Schrader et al., 2008) , their significance and specificity was unclear. Our analyses demonstrate that the family of GLFG repeats directly bind to several scaffold Nups, including Nup170, Nup157, Nup188, Nup192, Nic96, and the Nup84-Nup133 portion of the Nup84 subcomplex ( Figure 2D ). Binding of GLFG repeats to scaffold Nups is dynamic, and their interaction strengths are comparable to those for the NTR Kap95 ( Figures 4D and S4B) . Furthermore, GLFG-binding Nups-akin to NTRs-are able to translocate across intact NPCs in vitro and compete for NPC binding sites with the NTRs (Figure 3 ). The significance of these NTR-like translocation properties remains unclear. However, this could aid in the delivery of newly synthesized scaffold subunits to the INM during NPC assembly, which occurs at least partially from the nuclear side (Otsuka et al., 2016) . Consistent with such a model, WGA and a dominant-negative fragment of importin-b were shown to potently block NPC assembly in sealed Xenopus nuclei (D'Angelo et al., 2006; Harel et al., 2003) .
Intriguingly, GLFG-binding scaffold Nups also have structural similarities to NTRs. The GLFG-repeat binding domains of Nup170, Nup188, Nup192, and Nic96 are composed of a-helical stacks that share characteristics with the a-helical fold of NTRs (Conti et al., 2006) . Moreover, Nup188 and Nup192 are structurally similar to the canonical NTRs importin-a and importin-b (Amlacher et al., 2011; Andersen et al., 2013b; Flemming et al., 2012; Sampathkumar et al., 2013; Stuwe et al., 2014) . These similarities may point to a deep evolutionary connection between the membrane-bound and soluble parts of the nucleocytoplasmic transport machinery. In spite of these parallels, scaffold Nups-unlike NTRs-are stable components of the NPC and, in addition to their GLFGrepeat interactions, also bind to other NPC elements. Our results reveal that GLFG repeats are important to physically connect NPC subunits: (1) the GLFG repeats of Nup116 are functionally redundant with Nup188, an element of the NPC core ( Figure 4A) ; (2) in the absence of Nup188, the GLFG repeats of Nup116 are needed to establish the connection with the GLFG-binding scaffold Nups, Nup170 and Nup192 ( Figures 4E and 4F) ; and (3) the GLFG-repeat segments of Nup116, as well as of Nup100, contribute to targeting and stable incorporation of these Nups into intact NPCs (Figures 6 and S7) .
Mechanistically, the GLFG repeats are likely to act in concert with other Nup-binding domains, such as the MD and the CTD. This is exemplified by the interaction with Nup192, which can bind to the MD of Nup116 alone, but the interaction is strengthened more than an order of magnitude by GLFG repeats ( Figures  4D and S4B ). However, unlike interactions mediated by other Nup domains, the binding of GLFG repeats to scaffold Nups is likely to be promiscuous (Figures 2 and 4) , and a GLFG segment may bind to several scaffold Nups at the same time. The structural function of GLFG repeats might not be unique to Nup116 but could be a common feature of GLFG-repeat Nups, including Nup100 and Nup57 ( Figures 4C, 6G , 6H, S3B, and S6G). In addition, scaffold Nups, like NTRs, likely contain several FG-repeat binding sites (Bednenko et al., 2003; Isgro and Schulten, 2005) . Furthermore, GLFG-type repeats also have a propensity to interact homotypically (Patel et al., 2007) . Therefore, we propose a model that GLFG repeats act together with other Nup interactions to form a multivalent network which functions akin to Velcro, connecting multiple NPC subunits to promote NPC assembly (Figure 7) . But other contributions of GLFG repeats cannot be excluded, and additional experiments, e.g., in vitro reconstitutions, will be important to further investigate the role of GLFG repeats in NPC biogenesis. The NPC defect associated with the loss of the Nup116 GLFG repeats ( Figure 5 ) is intriguing, as it points to a malfunction at a late step of NPC biogenesis. Although it is not clear yet whether the structures that accumulate represent true NPC biogenesis intermediates, they nevertheless contain all critical core Nups ( Figures 5A and 5B) already arranged into higher-order assemblies as judged by the slow mobility within the NE, similar to intact NPCs (Figures S6H-S6K ). But the formation of complete pores that span both nuclear membranes and the incorporation of cytoplasmic NPC components do not occur ( Figure 5) . A detailed picture of how GLFG repeats and their physical connections to the NPC scaffold contribute to the ''hole punch'' mechanism in the NE awaits future studies. However, a dual function of GLFG repeats in NPC biogenesis and in the formation of a nucleocytoplamic diffusion barrier in the intact NPC (Figure 7 ) could ensure that NE fenestration occurs only when all components that form a selective barrier are in place and would thus prevent the formation of non-selective holes in the NE that allow for an uncontrolled exchange of nuclear and cytoplasmic material. Such a coupling mechanism could also act as a quality control step since it would promote the preferential incorporation of Nups with intact GLFG-repeat segments, as observed in our allelic competition experiments ( Figures 6I-6K , S7E, and S7F).
In addition to NPC biogenesis, interactions between GLFG repeats and scaffold Nups are also likely to contribute to the stability of intact pores ( Figure 6F) . Consistent with this, we and others (Shulga and Goldfarb, 2003) have observed a disruptive effect of 1,6-hexanediol, which inhibits FG-repeat interactions, on the NPC structure in cells with a compromised NPC scaffold (Figure S4E) . Furthermore, within the NPC, interactions between GLFG repeats and the NPC scaffold could help to ''seal'' the FG-repeat network to the walls of the pore and could thus contribute, together with the cohesive properties of the GLFG repeats, to the establishment of the nucleocytoplasmic diffusion barrier. Interactions between GLFG repeats and the NPC scaffold might, in addition, provide the NPC with rubber-band-like structural flexibility, which could be necessary, for example, for the translocation of large substrates or transmembrane proteins. Although further analysis will be required to dissect the global contributions of FG repeats to NPC function, our results show that FG-repeat segments not only fill the central channel of the NPC as part of the selectivity barrier, but also represent an integral part of the NPC structure. Existing structural approaches have been unable to identify the position of natively unfolded FG repeats. Thus, our results extend current architectural models and identify a novel, previously unanticipated layer of connections within the NPC.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Bacterial Strains
The following E. coli strains were used in this study for production of recombinant proteins: BL21 (DE3) (Agilent), BL21(DE3)-RIL (Agilent) and LOBSTR(DE3)-RIL (kerafast) (Andersen et al., 2013a) . Strain usage in each case is specified in ''Recombinant proteins'' section. Cells were cultured in Luria-Bertani (LB) liquid medium supplemented with necessary antibiotics and protein expression was induced, unless otherwise noted, by 0.5 mM IPTG (final concentration (f.c.)).
Yeast Strains
Genotypes of all Saccharomyces cerevisiae strains used in this study and further accompanying information can be found in Table  S1 . All the strains were derived from W303 (ade2-1 ura3-1 his3-11,15 trp 1-1 leu2-3,112 can1-100) using standard yeast handling and molecular cloning protocols. Cells were grown either in YPD medium (1% yeast extract, 2% bactopeptone, 2% dextrose), YPGal medium (1% yeast extract, 2% bactopeptone, 2% galactose) or SCD (synthetic complete media containing 2% dextrose) with the indicated amino acid dropouts and/or additives. Unless otherwise noted the cultures were grown at 30 C.
Mammalian Cell Lines
HeLa cells were cultured in DMEM media + 10% fetal bovine serum. Cells were seeded on glass-bottomed poly-lysine coated dishes (MatTek) at a concentration of 5 3 10 5 cells/dish one day before use.
METHODS DETAILS Common Procedures
Recombinant DNA Names of DNA constructs and further accompanying information can be found in Table S2 . Constructs have been produced as outlined below and confirmed by sequencing. For construction of pAU80, pSB142, pNL123, pAU102 and pKW3197 respective yeast protein coding sequences were amplified from genomic DNA, fused with N-or C-terminal affinity tags (see Table S2 ) and cloned into pETDuet-1 vector (EMD Millipore). For construction of pTS164, pTS165 and pKW2674 the corresponding Nup116 coding sequences or Nup53(1-460) coding sequence were amplified from yeast genomic DNA, fused N-terminally with affinity/labeling tags (see Table S2 ) and cloned into pSV272 expression vector. pKW3046 and pKW803 were derived from pFA6a-GFP(S65T)-kanMX6 and pFA6a-GFP(S65T)-HIS3MX6 plasmids (Longtine et al., 1998) respectively by cloning the corresponding epitope/affinity tag sequences (see Table S2 ) via PacI and AscI sites. The same cloning strategy was used to derive pKW2631 and pKW2487 from pFA6a-His3MX6-PGAL1-3HA (Longtine et al., 1998) . pKW2739 was constructed by cloning the fusion product between the yeast PGAL1 promoter sequence, tandem affinity tag coding sequence, yeast genome amplified Nic96(100-839) coding fragment and yeast ADH1 terminator sequence into the pRS306 vector (Sikorski and Hieter, 1989) . pKW3373 and pKW3638 were constructed by cloning NUP188 and NUP116 genomic loci (ORF + upstream and downstream flanking sequences), amplified from yeast genomic DNA, into pRS316 (Sikorski and Hieter, 1989) . The pRS316 plasmids encoding for various GLFG repeat substitutions within Nup116 (pKW3657, pKW3659, pKW3660, pKW3661, pKW3662, pKW3663, pKW3728, pKW3729, pKW3731, pKW3732, pKW3775, pKW3776, pKW3779, pKW3780) were derived from pKW3638 by replacing Nup116 GLFG-repeat coding sequence ) with the various GLFG repeat substitution coding sequences (see Table S2 ).
Preparation of Buffers
Buffer recipes frequently used throughout the study are listed in Table S3 . Imaging and analysis of SDS protein gels Unless otherwise mentioned protein gels were stained with SYPRO Ruby (Thermo Fisher) and imaged using a FluorChem HD2 UVtransilluminator equipped with a CCD-camera (Alpha Innotech). Digital images were analyzed and processed using ImageJ software. Preparation of RNase-S Coupled Beads 0.75 g dry CNBr-activated Sepharose 4B beads (GE Healthcare) were swollen for 30 minutes in 10 mL 1 mM HCl, briefly washed 2 times with 10 mL of Coupling Buffer (freshly prepared 100 mM NaHCO3) followed by the addition of 2.5 mg RNase-S (Sigma-Aldrich) diluted in Coupling Buffer to 1 mg/ml. The mixture was incubated for 2 hours at RT with constant agitation. The beads were then incubated for 1 hour at RT in 1 M ethanolamine pH 9.0, sequentially washed two times/10 mL each with 1 M NaCl, 100 mM glycine pH 2.8, distilled water, and finally equilibrated in PBS pH 7.4 containing 0.01% NaN3. The beads were stored at 4 C.
Preparation of IgG-Coupled Sepharose Beads
Coupling of rabbit IgG to Sepharose beads was performed essentially as in (Alber et al., 2007) with minor modifications. Specifically, 2.25 g dry CNBr-activated Sepharose 4B beads (GE-healthcare) was swollen for 30 minutes in 1 mM HCl at RT and washed briefly two times with 10 mL of Coupling Buffer. The beads were unloaded into a glass beaker, diluted with Coupling Buffer and supplemented while stirring with 25 mg of rabbit IgG powder (Sigma-Aldrich). The stirring was continued over night at 4 C. The beads were then washed at RT with Coupling Buffer followed by agitating 1h each with 1M ethanolamine pH 9.0 and 100 mM glycine pH 2.8. Beads were washed two times /10 mL each with distilled water and PBS pH 7.4, then supplemented with 0.01% NaN3 (f.c.) and stored at 4 C. Preparation of IgG-Coupled Dynabeads IgG-coupled Dynabeads were prepared essentially as in described in (Alber et al., 2007) . 300 mg of magnetic Dynabeads (Thermo Fisher) was re-suspended and vortexed for 30 s in 16 mL of 0.1M NaPO4 buffer (0.1 M NaH/H2PO4 pH 7.4). Bead suspension was divided into four equal portions ($4 mL each) that were agitated in 15 mL screw-cup plastic tubes during preparation of fresh Antibody Mix. For that 100 mg of rabbit IgG powder (Sigma-Aldrich) was solubilized with 3.5 mL distilled water followed by 10 minutes 14K rpm centrifugation in a cooled table top centrifuge at 4 C to pellet insoluble material. 3525 mL of supernatant was mixed with 9.85 mL of 0.1M NaPO4 buffer immediately followed by the addition of 6.65 mL 3M Ammonium Sulfate buffer (39.6 g (NH4)2SO4 (MW 132.1) dissolved in 0.1M NaPO4 buffer and adjusted to 100 mL). The Antibody Mix was then filtered through a 0.22 mm Millex GP filter (Merck Millipore). The beads were washed by briefly vortexing a bead suspension, settling the beads using an MPC-6 Magnetic Particle Concentrator (Thermo Fisher) and carefully aspirating the buffer, followed by resuspension in 4mL 0.1M NaPO4 buffer per aliquot. After an additional round of 0.1M NaPO4 buffer wash, bead pellets were supplemented with the equal amounts of the Antibody Mix ($5 mL per aliquot), vortexed to completely resuspend beads and incubated with constant agitation for $18 h at 30 C. The aliquots of IgG-coupled beads were briefly washed using the Magnetic Particle Concentrator (as described above) one time with 3 mL of each: 100 mM Glycine-HCL pH2.5, 10mM Tris-HCl pH 8.8 and 100 mM freshly prepared triethylamine. This was followed by 4 3 5 min washes with 3 mL PBS pH 7.4, 2x 10 min washes with 3 mL PBS pH 7.4 containing 0.5% v/v Triton X-100 (f.c.). Bead aliquots were pooled, finally equilibrated with PBS pH 7.4 supplemented with 0.02% NaN3 (f.c.) and stored at 4 C.
Purification of Proteins
The proteins used in this study were expressed and purified as recombinant proteins in E. coli, from overexpressing yeast cells, or as native proteins from yeast (Nup84-subcomplex).
Recombinant Proteins
The GST-FG-repeat fusions: GST-Nup100(1-307) (pKW2959), GST-Nup100(1-610) (pKW2960), GST-Nsp1(1-563) (pKW2958), GST(GE Healthcare) equilibrated in GF Buffer (10 mM Tris/HCl pH 8.0, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT). The resultant peak was pooled and concentrated. Nup85-Seh1 was processed as Nup120-Nup145C-Sec13. Nup84-Nup133(521-1157) was dialyzed into 10 mM potassium phosphate pH 8.0, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT and loaded directly onto a 5 mL HiTrap SP Sepharose fast flow column (GE Healthcare). Bound Nup84-Nup133(521-1157) was eluted from the column using a 15 CV gradient of 10 mM potassium phosphate pH 8.0, 1 M NaCl, 0.1 mM EDTA, and 1 mM DTT. The pooled eluate was loaded onto a Superdex 200 26/60 gel filtration column equilibrated in GF Buffer. The Nup84-Nup133(521-1157) peak was pooled and concentrated. Purified Nup120-Nup145C-Sec13 was mixed with Nup85-Seh1 in a 1:1.5 ratio for 30 minutes on ice and run over a Superdex 200 26/60 column in GF Buffer. The complex peak, which was separate from excess Nup85-Seh1, was pooled and concentrated. This pentameric complex was mixed with Nup84-Nup133(521-1157) in a 1:1.5 molar ratio for 30 minutes on ice and loaded onto a Superdex 200 26/60 column in GF Buffer. The heptameric Nup84-subcomplex peak ran separately from excess Nup84-Nup133(521-1157) and was subsequently pooled, concentrated, and re-purified on a Superdex 200 26/60 column in GF Buffer. The resulting peak was pooled, concentrated, and used for binding experiments. For biolayer interferometry (BLI) experiments, Kap95, Nup192(2-960), Nup84-Nup133(521-1157), were prepared as described above. Nup170(980-1502) (KA18) and Nup188 (AU80) were expressed in LOBSTR(DE3)-RIL E.coli cells (kerafast). The cells were grown to OD600 = 0.7 at 37 C, shifted to 18 C and induced with 0.2 mM IPTG for 16 hours. Cell pellets were resuspended in 50 mM potassium phosphate pH 8.0, 500 mM NaCl, 30 mM imidazole, 5 mM BME and lyzed in a Microfluidizer LM20 (Microfluidic). Cleared lysate was applied to Ni-Sepharose, washed, and eluted with 250 mM imidazole pH 8.0, 150 mM NaCl, 5 mM BME. The proteins were purified to homogeneity by anion exchange chromatography over a Mono Q column (GE Healthcare), followed by gel filtration over a Superdex 200 10/300 column (GE Healthcare) equilibrated in GF Buffer.
Nup116 (pTS164) and Nup116(718-1113) (pTS165) were expressed as His6-Avitag-MBP-fusions in LOBSTR(DE3)-RIL E.coli cells. The growth medium was supplemented with 100 mM biotin to boost biotinylation of the Avitag. Otherwise, the purification of the Nup116 constructs was identical to the other BLI probes, except that ion exchange was excluded.
Protein Expression in Yeast
For purification of GFP-Nup157 (KWY2596) and GFP-Nup170 (KWY2597) yeast pre-cultures were grown overnight at 30 C in 500 mL YPD supplemented with 20 mg/L adenine. Cells were washed with distilled water and cell pellet (re-suspended in a small volume of sterile distilled water) was re-inoculated into 2 l of YPGal. Protein expression was induced for 22 hours at 30 C. Cells were harvested, re-suspended in Lysis Buffer (50 mM HEPES pH 7.5, 150 mM KCl, 10mM MgOAc2, 0.1mM EDTA, 5 mM b-mercaptoethanol) containing 1 mM PMSF (f.c.) and protease inhibitors cocktail (Sigma-Aldrich), and disrupted with 0.5 mm glass beads followed by clearing the lysate from cell debris as described in ''Preparation of crude membrane extracts.'' The lysate was supplemented with 0.25% v/v Triton X-100 (f. c.) and incubated for 3 hours at 4 C with 2 mL 50% slurry of RNase-S coupled beads. The beads were washed on a glass filter with Lysis Buffer containing 0.025% v/v Triton X-100, supplemented with 50% v/v glycerol (f. c.) and stored as 50% slurry at À20 C. The purification of Nup188 (KWY2836), GFP-Nup188 (KWY2598), Nup188-Nic96(100-839) complex (KWY6292), GFP-Nic96(186-839) (KWY2631), Nup192-Nic96(100-839) complex (KWY6291), and (GFP-Nup192)-Nic96(100-839) complex (KWY3572) from overexpressing yeast cells was performed as described for GFP-Nup157 and GFP-Nup170 with the following exceptions: (1) protein expression was induced for 14 hours instead of 22 hours (2) in all cases except for Nup192-Nic96(100-839) complex and (GFPNup192)-Nic96(100-839) complex 0.05% w/v CHAPS instead of Triton X-100 was used during yeast extract preparation, binding to RNase-S coupled beads, final washes, and protein storage. (3) In the cases of Nup192-Nic96(100-839) complex and (GFPNup192)-Nic96(100-839) complex 0.2% CHAPS was used during yeast extract preparation and binding to RNase-S coupled beads, and 0.05% w/v CHAPS was used for the final washes and storage. Native Nup84-Subcomplex For purification of native yeast Nup84-subcomplex (KWY6349) yeast membranes were prepared and extracted essentially as described in ''Preparation of crude membrane extracts'' except that 0.05% CHAPS was used as a membrane extraction detergent and the extract was used for protein purification straight after vortexing with glass beads. The extract was incubated with IgGcoupled Sepharose beads for 2 hours at 4 C. The beads were washed with TEV-Elution Buffer (50 mM HEPES pH 7.5, 300 mM KCl, 10mM MgCl2, 0.1mM EDTA, 5mM b-mercaptoethanol, 0.05% CHAPS) in Poly-prep chromatography columns (Bio-Rad). Bound Nup84-subcomplex was cleaved off from the beads with TEV protease and separated from beads by passing through 0.45 mm Ultrafree-MC HV centrifugal filter (Merck Millipore) . To analyze the quality of Nup84-subcomplex, the prep was subjected to gel filtration analysis on Superose 6 10/300 GL gel filtration column (GE Healthcare) equilibrated with TEV-Elution Buffer without CHAPS.
Identification of FG-Repeat Binding Proteins Preparation of Crude Membrane Extracts
For the identification of yeast proteins specifically binding to FG repeats, crude yeast membrane fraction was used as a source of prey proteins. The membrane fraction was typically prepared from 6 l of yeast culture (KWY6290) grown in YPD supplemented with 20 mg/L adenine. Cells were harvested at OD600 $3.0 and washed once with distilled water. All the following procedures unless otherwise noted were performed in ice-cold conditions. Cells were re-suspended in Lysis Buffer (50 mM HEPES pH 7.5, 150 mM KCl, 10mM MgOAc2, 0.1mM EDTA, 5mM b-mercaptoethanol) containing 1 mM PMSF (f.c.) and protease inhibitors cocktail (Sigma-Aldrich) and lysed using 0.5 mm glass beads with BeadBeater homogenizer (BioSpec Products, 1107900-105). Cell debris were removed using low speed centrifugation (5 min, 6000 RPM, SLA1500 rotor) and the crude membrane pellet was obtained by high speed centrifugation of the low speed supernatant (1 h at 18000 RPM, SS-34 rotor). The membrane pellet was re-suspended in Lysis Buffer containing PMSF and the protease inhibitors cocktail, then supplemented with 20% v/v glycerol (f. c.), aliquoted and flash-frozen in liquid nitrogen until further usage. For preparation of membrane extract the membrane prep was thawed at room temperature, diluted 1:2 with Adjustment Buffer (50 mM HEPES pH 7.5, 825 mM KCl, 0.1 mM EDTA, 10 mM MgCl2, 5 mM b-mercaptoethanol), then supplemented with protease inhibitors cocktail and with Triton X-100 (0.03% v/v f. c.). The diluted prep was briefly vortexed with 0.5 mm glass beads and passed through a 2.7 mm syringe filter (Sigma-Aldrich) to remove large insoluble particles. The buffer was then exchanged using PD-10 desalting columns (GE Healthcare) to HEPES-KOAc Buffer (10 mM HEPES pH 7.5, 160 mM KOAc, 1 mM MgOAc2, 1 mM DTT) containing 0.03% v/v Triton X-100. Preparation of FG-Repeat Coated Beads FG-repeat coated beads were prepared using 50 mL Glutathione Sepharose 4B beads (GE Healthcare) for each binding reaction, and the following approximate amounts of FG repeats: 5 nmol GST-Nup100(1-307), 2.5 nmol GST-Nup100(1-610), 3 nmol GST-Nsp1(1-563). The beads were incubated with the FG repeats for 10 minutes at RT, washed 3 times with 1 mL Salt Elution Buffer (10 mM TrisHCl pH 8.0, 1 M NaCl, 0.1% v/v Tween-20, 5mM b-mercaptoethanol), and equilibrated with HEPES-KOAc Buffer containing 0.03% v/v Triton X-100.
Binding Reactions with Membrane Extract
For each yeast membrane extract binding reaction, 50 mL of the respective FG-repeat coated beads were pre-mixed with the membrane extract corresponding to $1 l of the initial yeast culture. The reactions were agitated for 1 hour at 4 C, briefly washed with HEPES-KOAc Buffer containing 0.03% v/v Triton X-100 and bound proteins were eluted at room temperature 3 times with 100 mL of Salt Elution Buffer. All 3 eluates were pooled, proteins were precipitated at room temperature by methanol-chloroform, washed 3 times with 500 mL ice-cold 90% v/v acetone containing 0.01M HCl and recovered in 75 mL of SDS sample buffer (salt elution). Following salt-elution, remaining proteins -including the FG-repeat bait -were removed from beads with 100 mL SDS sample buffer (SDS post-elution).
Identification of Bound Proteins
The proteins from salt-elution samples were separated by 6% SDS-PAGE to $1/8 gel length, stained by GelCode protein stain (Thermo Fisher) and the whole stained areas were processed for in-gel tryptic digestion followed by standard analysis of sample content by LC-MS.
FG-Repeat Binding Assays with Purified Proteins Preparation of FG-Repeat Coated Beads
The FG-repeat coated beads were prepared for the binding assays with individually purified proteins (Figures 2 and S2 ) essentially as described in ''Identification of FG-repeat binding proteins'' with the following exceptions: (1) 25 mL of Glutathione Sepharose beads were used per binding reaction with the following amounts of FG repeats: 5.0 nmol GST-Nup100(1-307), 2.5 nmol GST-Nup100(1-610), 3.0 nmol GST-Nsp1(1-563), 10 nmol Nup116(348-458), 10 nmol Nup116(348-458)FA; (2) The beads were equilibrated with HEPES-KOAc Buffer containing 0.01% v/v Triton X-100.
Preparation of Prey Protein Mixtures
Yeast-overexpressed proteins were stored immobilized on beads at À20 C (see ''Protein overexpression in yeast'') and were freshly purified by gel filtration prior to setting up the FG-repeat binding reactions. To this end the beads were equilibrated with ice-cold Lysis Buffer containing 0.01% v/v Triton X-100 (GFP-Nup157 and GFP-Nup170) or Lysis Buffer containing 0.05% w/v CHAPS (Nup188, Nup188-Nic96(100-839) complex, Nup192-Nic96(100-839) complex and GFP-Nic96(186-839)), cleaved from beads with TEV and filtered through 0.45 mm centrifugal filter (Merck Millipore) followed by purification on a Superdex 200 10/300 gel filtration column (GE Healthcare) equilibrated with HEPES-KCl Buffer (10 mM HEPES pH 7.5, 160 mM KCl, 1 mM MgCl2, 1 mM DTT). The peak fractions were pooled and the protein concentrations were determined using A 280 absorbance reads. The native Nup84-subcomplex was freshly purified from the corresponding yeast membrane preps as described in the section ''Native Nup84-subcomplex,'' and used for FG-repeat binding reactions without further gel filtration purification due to low protein concentrations. All frozen recombinant protein stocks (see ''Recombinant proteins'') were quickly thawed and briefly centrifuged prior to usage to remove residual protein aggregates.
FG-Repeat Binding Reactions
Prey protein preps were diluted with HEPES-KOAc Buffer containing 0.01% v/v Triton X-100 and supplemented with bacterial extract to yield following approximate protein amounts in 1 mL volume: 120 mg of bacterial extract proteins and either of 100 pmol ScKap95, 100 pmol 3xGFP, 100 pmol MBP-GFP-Nup53DC, 15 pmol GFP-Nup157, 15 pmol GFP-Nup170, 25 pmol Nup188, 25 pmol Nup192-Nic96(100-839) complex, 25 pmol Nup188-Nic96(100-839) complex, 50 pmol Nup192(2-960), 50 pmol GFP-Nic96(186-839), 200 pmol Nup170(980-1502), 40 pmol of recombinant Nup84-subcomplex, 150 pmol Nup85-Seh1 complex, 150 pmol of Nup145C-Sec13-Nup120 complex, 150 pmol Nup84-Nup133(521-1157) complex, the amount of native Nup84-subcomplex corresponding to 0.7 L of source yeast culture with OD600 = 3.0. Prey protein mixtures were added to the respective FG-repeat coated beads and the binding reactions were gently agitated for 20 min at room temperature. The beads were quickly washed twice with 1 mL of ice-cold HEPES-KOAc Buffer containing 0.01% v/v Triton X-100 and bound proteins were eluted by 100 mL of Salt Elution Buffer followed by 100 mL of SDS-sample buffer (SDS post-elution). Salt eluates were precipitated with methanol-chloroform and re-solubilized in 50 mL of SDS-sample buffer (salt elution). Samples of test proteins (A) and the input mixes (A+B) were made during preparation of prey protein mixtures by methanol-chloroform precipitation of 200 mL of prey protein samples diluted with the HEPESKOAc Buffer before and after the addition of bacterial extract. The samples of bacterial extract (B) were prepared separately by precipitating 200 mL of bacterial extract diluted with HEPES-KOAc Buffer to 120 mg/ml. All precipitated samples were recovered in 50 mL of SDS-sample buffer. All protein samples were separated by 8% SDS-PAGE.
Biolayer Interferometry
Binding of Nup116 variants to scaffold nucleoporins or Kap95 was measured by biolayer interferometry (BLI) using a Forté Bio Octet RED96 instrument (Pall Life Sciences). All samples were incubated for at least 10 min at 30 C before the measurement. The biotinylated, Avitagged probes (20-100 nM) were immobilized on streptavidin biosensor tips, pre-incubated in BLI buffer (20 mM HEPES/NaOH pH 7.5, 110 mM K-acetate, 5 mM Na-acetate, 2 mM Mg-acetate, 1% w/v bovine serum albumin, 0.05% v/v Tween-20, 2 mM DTT) for 5-10 min, to give a loading of $0.7-0.9 nm after 40-160 s of incubation. After dipping the sensor in BLI buffer for 60 s, association with a two-fold dilution series of analyte was measured for 90 s. Dissociation was measured after dipping the biosensor into BLI buffer for 120 s. Response values after completion of the association phase were determined using the Octet Analysis Software version 7.0 (Pall Life Sciences); Response values were corrected by subtracting the corresponding value of a negative buffer-only control. For response values above 0.05 nm, kinetic rate constants (kon and koff) were determined for each progress curve by globally fitting the association and dissociation phases to a 2:1 binding model and the dissociation constants (K D values) were calculated as koff/kon.
Quantitative Western Blotting
For the assays involving analysis of tagged yeast proteins by quantitative western blotting (see below), protein samples were separated by 8% SDS-PAGE, transferred to a nitrocellulose membrane and probed with appropriate mixtures of primary antibodies (mouse anti-HA-tag monoclonal antibodies (COVANCE), mouse anti-GFP monoclonal antibodies (Roche), rabbit IgG (Sigma-Aldrich)) followed by a mixture of secondary fluorescently labeled antibodies (anti-mouse-Alexa-680 antibodies (Invitrogen) and anti-rabbit-IR800 antibodies (Rockland Immunochemicals)). Band intensities were quantified with Li-Cor Odessey CLx system (LI-COR Biosciences) using Image Studio 5.2 Software. Quantitative Affinity Pulldowns For quantitative affinity pulldowns ( Figures 4E, 4F , and S4C) yeast pre-cultures were grown in MetÀ liquid media and re-inoculated into 100 mL of either MetÀ or 20xMet containing media to yield cultures with OD600 $4.0 after 12 hours incubation at 30 C. Cells were collected by centrifugation, re-suspended in ice-cold HEPES-KOAc Buffer containing 1 mM PMSF and lysed with 0.5 mm glass beads using Mini-Beadbeater-24 (BioSpec Products). Cell debris were removed by centrifugation at 14K rpm for 1 minute in a cooled tabletop centrifuge. 100 mL of supernatant was saved as a total proteins sample. The rest was supplemented with and mixed with 1.5 mg of rabbit IgG-coupled Dynabeads per reaction. Binding reactions were incubated for 1 hour on a rotating wheel at 4 C, briefly washed with HEPES-KOAc Buffer containing 0.1% v/v Tween-20 and re-suspended in 100 mL HEPES-KOAc Buffer to yield bound fraction. The total and bound fractions were mixed with SDS-PAGE Sample Buffer, pre-heated at 50 C for 3 minutes and, after the removal of beads, the protein samples were completely denatured at 95 C.
Time-Course Analysis of Nup188 Depletion
For quantitative analysis of Nup amounts during the time-course of Nup188 depletion ( Figures S6D-S6F ) yeast cultures were grown at 30 C in MetÀ synthetic medium and methionine (20-fold normal concentration) was added before the cultures reached OD600 = 1. Samples were taken in 2h intervals after methionine addition. The culture was periodically diluted with fresh 20xMet medium to keep OD600 below 1.0. Harvested cells were treated for 5 minutes with 0.1M NaOH and re-suspended in 100 mL of SDS-PAGE Sample Buffer, followed by complete denaturation at 95 C.
Nuclear Translocation and Competition Assays Preparation of Protein Samples
Yeast-overexpressed protein samples were prepared from bead-immobilized stocks immediately before the nuclear translocation experiments as described in ''FG-repeat binding assays with purified proteins'' with the following exceptions: (1) for purification of GFP-Nic96(186-839) HEPES-KOAc Buffer (10 mM HEPES pH 7.5, 160 mM KOAc, 1 mM MgOAc2, 1 mM DTT) was used in the gel filtration step. (2) GFP-Nup188 was purified the same way as Nup188 except using HEPES-KOAc Buffer in the gel filtration step. (3) (GFP-Nup192)-Nic96(100-839) complex was purified the same way as Nup192-Nic96(100-839) complex except using HEPES-KOAc Buffer in the gel filtration step. All frozen recombinant protein stocks (see ''Recombinant proteins'') were quickly thawed, briefly centrifuged prior to usage to remove residual protein aggregates and diluted in HEPES-KOAc Buffer. In order to match standard buffer conditions used in the in vitro nuclear transport assays the protein samples that were contained in HEPESKOAc Buffer , GFP-Nup188, (GFP-Nup192)-Nic96(100-839) complex, MBP-GFP-Nup53DC, YFP-Importin-b, 3xGFP) were diluted 1:0.45 with HEPES-KOAc Dilution Buffer (42 mM HEPES pH 7.5, 16 mM NaOAc, 4.2 mM MgOAc2), while the protein samples contained in HEPES-KCl Buffer (10 mM HEPES pH 7.5, 160 mM KCl, 1 mM MgCl2, 1 mM DTT) (GFPNup157 and GFP-Nup170) were diluted 1:0.45 with HEPES-KCl Dilution Buffer (42 mM HEPES pH 7.5, 16 mM NaCl, 4.2 mM MgCl).
Setup of Nuclear Translocation and Competition Assays
Cell permeabilization was based on the protocol described in (Adam et al., 1990) . HeLa cells were washed three times for 2 min each with PBS pH 7.4, followed by a 2 min wash with Permeabilization Buffer (50 mM HEPES pH 7.3, 50 mM KOAc, 8 mM MgCl2), followed by a 5 min permeabilization with digitonin (Sigma Aldrich) at a concentration of 50 mg/mL supplemented with an energy regenerating system of 100 mM ATP (Roche), 100 mM GTP (Roche), 4 mM creatine phosphate (Roche), and 20 U/mL creatine kinase (Roche) in Permeabilization Buffer. Digitonin was subsequently removed by washing three times for 3 min each with HEPES-KOAc Wash Buffer (20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc, 2mM MgOAc, 2 mM DTT). After the final wash, excess liquid was removed by aspiration and the appropriate experimental reaction mix was quickly added to the nuclei. Concentrations (approximate) used in the reaction mixes were: 0.4 mM GFP-Nup170, 0.4 mM GFP-Nup157, 0.4 mM GFP-Nup188, 0.3 mM (GFP-Nup192)-Nic96(100-839), 0.9 mM GFP-Nic96(186-839), 1.5 mM MBP-GFP-Nup53DC, 1 mM YFP-Importin-b, 1-10 mM Importin-b, 1 mM 3xGFP, 200 mg/mL 155 kDa TRITC-dextran (Sigma-Aldrich), 2 mM DTT, 100 mg/mL WGA (Sigma-Aldrich) and 5% v/v cytosolic extract. Cytosolic extract from Xenopus laevis oocytes was prepared as described in (Levy and Heald, 2010) . The cytosolic extract was supplemented with an energy regenerating system consisting of 2 mM GTP (Roche), 100 mM ATP (Roche), 4 mM creatine phosphate (Roche), and 20 U/mL creatine kinase (units of specific activity as stated by Roche). In experiments using WGA, 100 mg/mL WGA was first incubated with the nuclei for 10 min, removed, and then the experimental mix was added to the nuclei. For the Importin-b competition experiments, digitonin-treated nuclei were pre-incubated with active Ran (5 mM RanGDP plus energy regenerating system for 10 min followed by three washes with HEPES-KOAc Wash Buffer). The IBB cargo was pre-mixed for 10 minutes with Neutravidin-Dylight550 (Thermo Scientific) in a molar ratio 4:1 and used in the reactions at final concentration $0.2 mM. All experimental mixes were incubated with the nuclei for 15 min at room temperature before imaging.
Confocal Microscope Imaging and Analysis
Imaging was performed on a Zeiss LSM 700 laser scanning confocal microscope using a 63 3 oil immersion objective and the Zen 2011 imaging software (Carl Zeiss). Image segmentation and fluorescence quantification were performed using custom software (NuIF_twocolor) in MATLAB R2012a (The MathWorks). For translocation assays the fluorescence intensity inside each nucleus and the average background fluorescence intensity were determined, and the intranuclear to extranuclear fluorescence ratios were then calculated giving normalized fluorescence intensities for both the protein of interest and the dextran control. All nuclei with normalized dextran fluorescence ratios greater than 0.3 were considered to be 'leaky' (i.e., overly permeable to large molecules) and rejected. Only intact nuclei were included in subsequent analysis. For Importin-b competition assays the absolute values of GFPNup signal at the nuclear rim and IBB cargo signal inside the nucleus were determined automatically using custom software (NuRF) in MATLAB R2012a (The MathWorks) from the confocal images of the competition reactions set with different concentrations of Importin-b and imaged sequentially with the same microscope settings.
Analysis of Cell Growth
Overnight yeast cultures were grown in permissive conditions in liquid media. For growth assays on agar plates the overnight cultures were diluted with distilled water and plated on specified media in 1:5 dilution series starting with OD600 = 1. Growth curves were acquired using CLARIOstar automated plate reader (BMG Labtech) at 30 C in 24-well plastic dishes (Thermo Fisher) from overnight pre-cultures diluted 1:125 in the specified synthetic liquid media.
Widefield Fluorescence Microscopy
All imaging experiments in yeast except for FRAP and FLIP (see below) were performed using widefield fluorescence microscopy. Overnight yeast cultures were re-diluted with appropriate synthetic media containing 2x access of adenine and grown at 30 C for 12 h before imaging. 1,6-hexanediol treatment was performed for 10 minutes prior to imaging at 30 C in the respective media containing 5% w/v 1,6-hexanediol (Sigma-Aldrich) (f.c.). Cells were imaged in 384-well glass bottom plates (MatriPlate) pre-coated with ConA (Sigma-Aldrich) with inverted epifluoresence Ti microscope (Nikon) equipped with a Spectra X LED light source (Lumencore) and Flash 4.0 scMOS camera (Hamamatsu) using a 100 3 Plan-Apo VC objective NA 1.4 (Nikon) and NIS-Elements AR 4.40 software (Nikon). Representative Images Representative images were processed using ImageJ software. Brightness and contract were adjusted to the same values for images belonging to the same experiment and were chosen to cover the whole range of signal intensities. Quantitative Image Analysis Cells simultaneously expressing GFP-labeled Nups together with dsRed-HDEL as the nuclear envelope/ER marker (Bevis et al., 2002) were imaged in bright field, and in the dsRed and GFP channels. The pipeline for image segmentation and GFP signal quantification outlined in Figure S5 was implemented in a custom MATLAB R2016a script (Average_Nuclear_Envelope_Intensity). The nuclear contours were automatically traced using the bright field and dsRed-HDEL channels. Fully automated segmentation was achieved by edge detection to identify all potential image patches locked to the NE. Each patch was further examined in relation to its neighbors and to strict morphological criteria including region width, intensity, and area, and all such patches were used to restore the nuclear contour and create the NE masks. Only masks fulfilling strict quality criteria were retained, reducing the number of NE masks to approximately 40% of all in-focus cells. Further, image areas with high cell density and potential overlap were eliminated from the analysis. Altogether, only 10 to 100 dsRed-HDEL NE masks per image frame survived this selection process. Such masks were used to compute the average GFP signal intensities along the nuclear rim. Final GFP signal readout was represented by median value within the image frame. This pipeline allowed an accurate and unbiased measurement of GFP signal intensities at the NE. For each quantification experiment respective yeast samples were imaged in parallel with the same microscope settings using an automated image acquisition workflow. Typically 25-50 frames were acquired per sample ($500-5000 individual nuclear rim contours). Unless otherwise noted the GFP intensity values for each sample were plotted as the mean of frame-derived values +-SD using GraphPad Prism 7 (GraphPad).
Confocal Fluorescence Microscopy
For fluorescence recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) experiments, overnight yeast pre-cultures were re-inoculated into appropriate synthetic media supplemented with 2x access of adenine and incubated at 30 C for 12 h before imaging. Cells were imaged in glass bottom 8-well chambers (IBIDI) pre-coated with ConA (Sigma-Aldrich).
All FRAP and FLIP experiments were performed with a Leica TCS SP8 microscope (Leica DMI6000B-CS) using 63x 1.4NA Oil HC PL APO CS2 objective. The microscope was equipped with a Laser unit for confocal acquisition (AOBS system): 458, 477, 488, 496, 514nm lines Argon laser; 405nm, 561nm, 633nm lasers, and controlled by Leica LAS X SP8 Version 1.0 software. Fluorescence Recovery after Photobleaching Cell images in the GFP channel were recorded with 2.5% of total argon laser power at 14 frames/second using a line accumulation of four. Five pre-bleach and 60 post-bleach frames were acquired. Photobleaching was performed by defining manually a rectangular region comprising $one-half of yeast cell nucleus and applying 100% of total argon laser power for 0.21 s. The mobility of GFPlabeled proteins within the NE was evaluated by quantifying signal re-equilibration between the bleached (I bl ) and non-bleached (I non-bl ) halves of the nuclei as 2* I bl /(I bl + I non-bl ). The datasets acquired during three consequent days were processed as described above, pooled and expressed as time series with mean ± SEM at each time point using GraphPad Prism 7 (GraphPad). Fluorescence loss in photobleaching Imaging was performed simultaneously in GFP and dsRed channels at 0.75% of total argon laser power for the GFP channel and 0.3% of 561nm laser power for the dsRed channel. The images were acquired at 58 frames/second with line accumulation of three. 30 pre-bleach frames were generated followed by 500 cycles of bleaching and post-bleach frame acquisitions. The bleaching was performed in a cytosolic region positioned far from the nucleus using 100% of total argon laser power for 0.28 s per cycle. For each time series the background-subtracted nuclear rim signal has been calculated based on the dsRed-HDEL signal delineating the border of the nuclear envelope region. Loss in photobleaching was calculated as (I bl /I0 bl )/(I non-bl /I0 non-bl ) where I bl -background-subtracted nuclear rim intensity in bleached cell at each respective bleach cycle; I0 bl -mean background-subtracted nuclear rim intensity in bleached cell in pre-bleach series; I non-bl -background-subtracted nuclear region intensity of a non-bleached cell at each respective bleach cycle; I0 non-bl -mean background-subtracted nuclear region intensity in pre-bleach series. The datasets acquired during three consequent days were processed as described above, pooled and expressed as time series with mean ± SEM at each time point using GraphPad Prism 7 (GraphPad).
Electron Microscopy
For all EM experiments yeast pre-cultures were grown in MetÀ synthetic liquid media and re-inoculated into 100 mL of either MetÀ or 20xMet containing synthetic media to yield cultures with OD 0.5-1.0 after 12 hours incubation at 30 C. Freeze-Fracture EM For freeze-fracture EM, cells concentrated by centrifugation were frozen in a Bal-Tec HPM100 high-pressure freezer (Leica, Vienna) sandwiched between 6 mm wide 100 mm deep aluminum carriers (Leica, Vienna) facing each other (giving a total sample thickness of 200 mm). Samples were then transferred to Bal-Tec BAF060 freeze fracture and coating device (Leica, Vienna) using a Bal-Tec VCT100 cryo-vacuum shuttle (Leica, Vienna). Fracturing was performed under vacuum at À120 C, followed by freeze-etching at À110 C for 3 minutes and with tungsten coating at À120 C. Coating was finalized when 2.5 nm coating was deposited at 45 elevation followed by an additional deposition of 1.5 nm at varying elevation angle between 0 and 90 . Coated samples were transferred in VCT100 to Zeiss Leo-1530 SEM (Zeiss, Oberkochen) equipped with a Bal-Tec cryo stage (Leica, Vienna) pre-cooled to À120 C for imaging. Images of cells with fractured nuclear surfaces were acquired at low kV settings with in-lens or Everhardt-Thornley detectors at the magnification of $98K. NPC densities were evaluated from the SEM images as the number of pore structures found at the nuclear envelope region divided by image area occupied by the nuclear envelope region. Determination of the nuclear envelope areas and counting of the NPC structures in the images was performed manually using ImageJ software. Transmission EM Cell cultures were agitated at 100 rpm in a shaker bath just prior to high pressure freezing. Cells were concentrated by suction filtration in a Millipore 15 mL vacuum filtration device (Fisher Scientific) XX1002500) onto a 0.4 mm polycarbonate filter (Fisher Scientific). Concentrated cells were scraped from the filter with a toothpick and loaded into specimen planchettes (Wohlwend Engineering, Sennwald, Switzerland) and frozen in a Bal-Tec HPM 010 high pressure freezer (Technotrade International, Manchester, NH, USA) (McDonald and Mü ller-Reichert, 2002) . Freeze substitution was carried out in a Leica AFS freeze substitution device (Leica Microsystems, Vienna, Austria) in a fixative consisting of 1% osmium tetroxide plus 0.1% uranyl acetate, plus 5% dH2O in acetone. The AFS was programmed to run at À90 C for 72 hours, warmed to À20 C at a rate of 10 C per hour, held at À20 C for 12 hours then warmed to room temperature (20 C) at a rate of 20 C per hour.
For resin embedding, fixed cells were rinsed 3x for 5 min each in pure acetone, then infiltrated with increasing concentrations of Epon-Araldite resin according to the following schedule: 25% for 1 hour, 50% for 2 hours, 75% for 4 hours, then pure resin for 1 hour, followed by pure resin overnight, and a final pure resin rinse for 1 hour. Cells in pure resin were transferred to silicone embedding molds (EMS, Hatfield, PA, USA) and polymerized at 60 C for 2 days. Sections were cut on an Ultracut E ultramicrotome (Leica Microsystems, Vienna, Austria) at 50 nm thickness, picked up on 100 mesh copper grids (EMS, Hatfield, PA, USA), and post-stained for 7 minutes in 2% aqueous uranyl acetate, and 4 minutes in lead citrate. Sections were viewed on an FEI Tecnai (FEI, Hillsboro, OR) electron microscope operating at 120kV, and images recorded on a Gatan (Pleasanton, CA) Ultrascan 1000 digital camera.
QUANTIFICATION AND STATISTICAL ANALYSIS
Details of statistical analysis including the number of acquired data points/independent experiments (n), SD, SE, types of statistical tests used and the corresponding p values are reported in the figure legends and in Method Details.
DATA AND SOFTWARE AVAILABILITY
Custom Image Analysis Scripts Automated quantification of intranuclear, cytoplasmic, and nuclear rim intensities for the in vitro translocation and competition experiments has been performed using custom MATLAB scripts available at (https://github.com/pascalvallotton/Jeff-scriptsCell-Onishchenko). dsRed-HDEL based segmentation of yeast nuclear envelopes and quantification GFP signal intensities were performed using custom MATLAB scripts available at (https://github.com/pascalvallotton/Cell_OnishChenko). 
Supplemental Figures
(5) (6) (legend continued on next page) Figure S2 . Salt Elution and SDS Post-elution Profiles for FG-Repeat Binding Assays with Individually Purified Test Proteins, Related to Figure 2 (A-C) Non-cropped images shown in (Figures 2A-2C ), including corresponding SDS post-elution profiles. 2x 4x total Nup188 / Nup192 total Nup188 / Nup116 Figures 4E and 4F ). Note that in all conditions the core nucleoporin Nup192 displays normal NE localization. (E) Cells endogenously expressing Nup116-yEGFP or Nup133-yEGFP were incubated in permissive (MetÀ) or non-permissive (20xMet) media to manipulate expression of Nup188. Fluorescence images (top) illustrate the effect of 5% 1,6-hexanediol assessed after 10 min incubation in the media either with (5% HD) or without (no HD) 1,6-hexanediol. Note that while Nup116 is completely mislocalized in Nup188-depleted cells, the scaffold nucleoporin Nup133 remains localized at the nuclear rim. Model (bottom) suggesting that anchoring of Nup116 to the NPC is contributed by the GLFG repeats interacting with scaffold Nups. Scale bar -5 mm. 
